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This  article  is  to  provide  insights  into  the  mechanisms  underlying  chronic  pain  from  whiplash  injury. 
Studies  show  that  injury  produces  plasticity  changes  of  different  neuronal  structures  that  are  responsible 
for  amplification  of  nociception  and  exaggerated  pain  responses.  There  is  consistent  evidence  for 
hypersensitivity  of  the  central  nervous  system  to  sensory  stimulation  in  chronic  pain  after  whiplash 
injury.  Tissue  damage,  detected  or  not  by  the  available  diagnostic  methods,  is  probably  the  main 
determinant  of  central  hypersensitivity.  Different  mechanisms  underlie  and  co-exist  in  the  chronic 
whiplash  condition.  Spinal  cord  hyperexcitability  in  patients  with  chronic  pain  after  whiplash  injury  can 
cause  exaggerated  pain  following  low  intensity  nociceptive  or  innocuous  peripheral  stimulation.  Spinal 
hypersensitivity  may  explain  pain  in  the  absence  of  detectable  tissue  damage.  Whiplash  is  a  heteroge¬ 
neous  condition  with  some  individuals  showing  features  suggestive  of  neuropathic  pain.  A  predomi¬ 
nantly  neuropathic  pain  component  is  related  to  a  higher  pain/disability  level. 

©  2012  Elsevier  Ltd  and  Faculty  of  Forensic  and  Legal  Medicine.  All  rights  reserved. 


1.  Introduction 

This  is  a  review  of  studies  focusing  on  the  mechanisms  of  pain 
from  whiplash  injury.  Whiplash  is  an  acceleration-deceleration 
mechanism  of  energy  transfer  to  the  spine.  The  injury  is  caused 
by  a  rapid  change  in  the  position  of  the  head  which  imparts  energy 
transfer  to  the  structures  of  the  cervical  spine,  most  commonly  as 
a  result  of  an  automobile  accident.  The  energy  transfer  may  result 
in  bony  or  soft  tissue  injuries,  which  in  turn  may  lead  to  a  wide 
variety  of  clinical  manifestations  (whiplash-associated  disorders  - 
WAD).  The  distinction  between  acute  and  chronic  pain  has  tradi¬ 
tionally  been  determined  by  an  arbitrary  interval  of  time  since 
onset;  the  two  most  commonly  used  markers  being  3  months  and  6 
months  since  onset.1  Neck  and  back  injury  are  independent  of  crash 
severity  and  may  occur  at  low  speeds.2-6  When  stimulus  intensity 
is  high  enough,  receptors  are  activated  in  the  peripheral  endings  of 
primary  afferents.  Mechanical,  thermal,  and  chemical  stimuli  are 
detected  by  nerve  endings  called  nociceptors.  The  majority  of 
nociceptors  can  be  activated  by  several  types  of  sensory  inputs 
[thermal,  mechanical,  and  chemical]  and  are  therefore  termed 
polymodal  nociceptors.  Nociceptors  are  sensory  small-diameter, 
slow  conducting,  predominantly  unmyelinated  [C-fibers]  or  thinly 
myelinated  [A8-fibers]  neurons.7,8  The  cell  bodies  of  these  primary 
afferents,  which  are  located  in  the  dorsal  root  ganglia,  project  their 
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proximal  nerve  terminals  mainly  to  the  laminae  I— II  of  the  spinal 
cord  dorsal  horn.8  Tissue  injury,  which  is  commonly  the  immediate 
cause  of  pain,  results  in  a  local  release  or  synthesis  of  a  range  of 
substances  such  as  Bradykinins  and  Prostaglandins,  substance  P 
[SP]  and  Calcitonin-gene-related  peptide  [CGRP],  and  thereby 
interact  with  adjacent  immune  cells  and  blood  vessels  in  a  complex 
manner.9 

It  has  been  noted  by  numerous  researchers  that  chronic  whip¬ 
lash  patients  have  different  sensory  thresholds  than  normal  con¬ 
trols.10-15  Whiplash  injury  has  been  shown  to  damage  the  facet 
joint  by  compression  and/or  stretching  and  to  the  intervertebral 
disc  by  shearing  forces.  Injury  to  the  vertebral  joints,  including  the 
discs  and  facets,  produces  nociceptive  type  of  pain,  and/or  neuro¬ 
genic/neuropathic  type  of  pain  [pain  arising  from  nervous  system]. 
Transmission  of  pain  from  the  periphery  to  the  cortex  depends  on 
integration  and  signal  processing  within  the  spinal  cord,  brainstem, 
and  forebrain.  Sensitization,  a  component  of  persistent  or  chronic 
pain,  may  develop  either  through  peripheral  mechanisms  or  as 
a  consequence  of  altered  physiology  in  the  spinal  cord  or  forebrain. 
Several  mechanisms  contribute  to  the  phenomenon  of  sensitization 
and  persistent  pain,  including  upregulation  of  sensory  neuron 
receptors,  phenotypic  switching  of  large  myelinated  axons, 
sprouting  within  the  dorsal  horn,  and  loss  of  inhibitory  neurons. 
Abnormal  pain  perception  in  the  affected  regions  of  these  patients 
includes  three  different  components:  spontaneous  continuous  pain 
[usually  burning  and  aching  in  quality],  spontaneous  intermittent 
pain  [usually  stinging  in  quality]  and  abnormally  evoked  pain 
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[usually  produced  by  touch  or  movement].  Stimulus-evoked  pain 
may  be  abnormal  leading  to  allodynia  [pain  produced  by  normally 
non-painful  stimulation],  hyperalgesia  [an  overreaction  to  a  stim¬ 
ulus  which  is  normally  painful]  or  hyperpathia  [occurs 
on  neuropathic  pain  patients  with  the  loss  of  fibers  and  is  a  greatly 
exaggerated  pain  sensation  to  nociceptive  stimuli].  Prior 
research  on  psychosocial  causes  of  chronic  pain  following 
whiplash  are  likely  confounded  because  of  a  failure  to  account  for 
a  possible  neuropathologic/neurophysiological  basis  for  the 
symptoms.16-18  This  article  addresses  different  mechanisms  that 
may  be  the  cause  of  chronic  pain  that  may  occur  after  a  whiplash 
injury. 

1.1.  Methods 

Sources  used  for  this  review  include  reviews  of  the  literature  of 
animal  and  human  studies  focusing  on  the  mechanisms  of  post 
injury  central  sensitization,  an  analysis  of  neurophysiological 
investigations  on  central  hypersensitivity  in  patients  with  chronic 
pain  after  whiplash  injury.  A  search  of  anatomical  structures  arising 
from  whiplash  injury  was  performed.  The  chiropractic,  orthopedic, 
physical  medicine,  neurophysiology  and  pain  management  fields 
were  searched  using  the  following  citation  indices:  criteria  for  the 
literature  search  English  language,  peer-reviewed,  non¬ 
commentary,  PubMed  through  Medline,  Google’s  scholar  "scien¬ 
tific"  search  engine,  pain  and  whiplash  texts.  Key  words  used  were; 
whiplash  injury,  chronic  pain,  neck  pain,  hypersensitivity,  noci¬ 
ception,  neuropathic. 

2.  Discussion 

Whiplash  injury  has  been  shown  to  damage  deep  tissues  in  the 
facet  joint  by  compression  and/or  stretching  and  to  the  disc  by 
shear  forces.  The  cervical  facet  capsular  ligaments  may  be  injured 
under  combined  shear,  bending,  and  compression  load  levels  that 
occur  in  rear-end  impacts.19-22  Cervical  facet  capsular  ligaments 
may  be  injured  under  loading  conditions  similar  to  those  generated 
during  whiplash  [rear-end  8  km  per  hour  [5  miles  per  hour]  rear- 
end  collision].20  Findings  indicate  that  facet  capsule  strains 
(Strain  is  defined  as  the  amount  of  deformation  per  unit  length  of 
an  object  when  a  load  is  applied.  Strain  is  calculated  by  dividing  the 
total  deformation  of  the  original  length  by  the  original  length  (L): 
Strain  (e)  =  (AL/L)  comparable  to  those  previously  reported  for 
whiplash  kinematics  and  incomplete  failures  of  this  ligament  have 
the  potential  to  produce  pain  symptoms  and  alter  one  element  of 
nociception.  Allodynia  results  showed  immediate  and  sustained 
behavioral  sensitivity  following  subfailure  vertebral  distractions; 
pain  symptoms  were  significantly  greater  than  those  for  other 
injury  groups.  Further,  spinal  astrocytic  activation  was  also  greater 
for  subfailure  injuries  compared  to  lower  distraction  magni¬ 
tudes 23,24  (Table  1 ). 


Table  1 

Types  of  pain. 

Nociceptive  pain:  Physiological  pain  produced  by  noxious  stimuli  that 
activate  high-threshold  nociceptor  neurons. 

Inflammatory  pain:  Pain  hypersensitivity  due  to  peripheral  tissue 
inflammation  involving  the  detection  of  active  inflammation  by 
nociceptors  and  a  sensitization  of  the  nociceptive  system. 

Dysfunctional  pain  [fibromyalgia  syndrome]:  Amplification  of  nociceptive 
signaling  in  the  absence  of  either  inflammation  or  neural  lesions. 

Neuropathic  pain:  Maladaptive  plasticity  caused  by  a  lesion  or  disease 
affecting  the  somatosensory  system  altering  nociceptive  signal  processing 
so  that  pain  is  felt  in  the  absence  of  a  stimulus,  and  responses  to  innocuous 
and  noxious  stimuli  are  enhanced.25 


xA  neuropathic  type  of  pain  may  arise  from  neck  and 
back  complaints  in  approximately  30%  of  cases  26,27  There  are  at  least 
six  main  mechanisms  involved  in  neuropathic  pain  becoming 
chronic  28 : 

1.  activity  increase  in  areas  of  the  pain  neuromatrix 

2.  recruitment  of  additional  cortical  areas  beyond  the  classical 
pain  neuromatrix 

3.  cortical  reorganization  and  maladaptive  neuroplasticity 

4.  alterations  in  neurochemistry 

5.  structural  brain  changes 

6.  disruption  of  the  brain  default  mode  network 

2.1  Injury  mechanisms 

The  cervical  facet  capsular  ligaments  may  be  injured  under 
combined  shear,  bending,  and  compression  load  levels  that  occur  in 
rear-end  impacts.22  Facet  joint  components  are  at  risk  for  injury 
during  whiplash  due  to  facet  joint  compression  and  excessive 
capsular  ligament  strain.20 

The  pinching  of  the  lower  cervical  facet  joints  may  lead  to  local 
tissue  injury  and  nociceptive  pain.21  Cervical  facet  capsular  liga¬ 
ments  may  be  injured  under  loading  conditions  similar  to  those 
generated  during  whiplash  [rear-end  8  km  per  hour  [5  miles  per 
hour]  rear-end  collision].22  There  does  not  need  to  be  a  complete 
failure  of  the  tissues  to  cause  injury  or  pain.  Findings  indicate  that 
facet  capsule  strains  comparable  to  those  previously  reported  for 
whiplash  kinematics  and  subcatastrophic  failures  of  this  ligament 
have  the  potential  to  produce  pain  symptoms  and  alter  one 
element  of  nociception.  Abnormal  pain  sensations  (i.e.  allodynia) 
results  showed  immediate  and  sustained  behavioral  sensitivity 
following  subfailure  vertebral  distractions  as  pain  symptoms  were 
significantly  greater  than  those  for  other  injury  groups.  Further, 
spinal  astrocytic  activation  was  also  greater  for  incomplete 
injuries  compared  to  lower  distraction  magnitudes.20  When 
compared  to  the  reported  strains  that  facet  joint  capsules  expe¬ 
rienced  in  whiplash  [35—60  percent]  and  the  reported  capsule 
subfailure  strains  [35—67  percent],  high  thresholds  and  after 
discharge  strains  are  within  that  range.20  High  threshold  units 
likely  signal  nociception  [pain  sensation]  while  after  discharge 
may  signal  capsule  strain  injury  and  contribute  to  persistent 
pain.23  Mechanical  findings  provide  insight  into  the  relationship 
between  gross  structural  failure  and  painful  loading  for  the  facet 
capsular  ligament.  The  ligament  yield  point  occurred  at  a  distrac¬ 
tion  magnitude  in  which  pain  symptoms  begin  to  appear.29 
Stretching  the  facet  joint  capsule  beyond  physiological  range 
could  result  in  altered  axonal  morphology  that  may  be  related  to 
secondary  or  delayed  axotomy  changes  similar  to  those  seen  in 
central  nervous  system  injuries  where  axons  are  subjected  to 
stretching  and  shearing.  These  may  contribute  to  neuropathic 

pain  and  are  potentially  related  to  neck  pain  after  whiplash 

on 

events. 

Injured  somatic  tissues  adjacent  to  nerve  structures  release 
inflammatory  substances  that  can  chemically  irritate  neural 
tissues.31-36  Inflammatory  cytokines  (interleukin  [IL]-lbeta,  tumor 
necrosis  factor  [TNF]  alpha  and  1L-6  may  be  responsible  for  the 
genesis  of  pain  production  in  the  facets37,38  and  IL-6, 1L-8,  prosta¬ 
glandin  E2,  matrix  metalloproteinases,  and  nitric  oxide  in  disc 
herniations.39-41  Prostaglandins  can  block  endogenous  opioid- 
mediated  analgesia  systems  by  inhibiting  the  bulbospinal  norad¬ 
renergic  component  of  this  analgesia  pathway.42 

Chronic  pain  resulting  from  low-speed  collisions  may  be 
explained  by  partial  tears  of  soft  tissues  including  annular  fibers, 
ligaments,  and  avascular  cartilage.  Because  of  poor  blood  supply, 
these  tissues  may  not  completely  heal  following  injury.  Resulting 
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injuries  produce  altered  cervical  spine  kinematics  that  can  lead  to 
accelerated  degenerative  changes  and  clinical  instability.43 

Both  animal  and  human  studies  have  demonstrated  structural 
damage  from  whiplash  type  injuries.  In  different  species  of 
monkeys,  experimentally  caused  acceleration/extension  injuries 
have  revealed  a  variety  of  lesions:  muscle  tears,  avulsions,  and 
hemorrhages;  rupture  of  the  anterior  longitudinal  and  other  liga¬ 
ments,  especially  between  C4  and  C7;  avulsions  of  disc  from 
vertebral  bodies  and  disc  herniations;  retropharyngeal  hematoma; 
intralaryngeal  and  esophageal  hemorrhage;  cervical  sympathetic 
nerve  damage  associated  with  damage  to  the  longus  colli;  nerve 
root  injury;  cervical  spinal  cord  contusions  and  hemorrhages; 
cerebral  concussion;  and  gross  hemorrhages  and  contusions  over 
the  surface  of  the  cerebral  hemispheres,  brainstem,  and 
cerebellum.44,45 

Magnetic  resonance  image  study  of  patients  done  within  four 
months  of  the  whiplash  type  injury  revealed  ruptures  of  the 
anterior  longitudinal  ligament,  horizontal  avulsion  of  the  vertebral 
end  plates,  separation  of  the  disc  from  the  vertebral  end  plate, 
occult  fractures  of  the  anterior  vertebral  end  plate,  acute  postero¬ 
lateral  cervical  disc  herniations,  focal  muscular  injury  of  the  longus 
colli  muscle,  posterior  interspinous  ligament  injury,  and  preverte- 
bral  fluid  collections.  Autopsy  series  have  shown  injuries  similar  to 
those  in  the  animal  studies,  including  injuries  to  intervertebral 
discs  and  soft  tissue  injuries  of  facet  joints.46,47,219 

2.2.  Facets  and  discs 

Both  discs  and  facet  joints  can  be  injured  in  whiplash.  Research 
indicates  that  the  source  of  the  pain  in  a  majority  ( ~  60%)  of 
whiplash  patients  is  the  zygapophyseal  (facet)  joints.48  The  facet 
synovial  folds  are  pain  sensitive.49,50  A  common  disc  injury  is  a  "rim 
lesion"  or  transverse  tear  near  the  anterior  vertebral  rim.  It  is 
caused  by  distraction  and  shearing  in  sudden  extension.  Both  the 
posterior  disc  and  the  facets  are  compressed,  causing  disc  contu¬ 
sion  or  herniation,  facet  hemarthrosis,  bruising  around  the  C2 
nerve,  or  fractures  of  articular  processes.  Suboccipital  vascular 
congestion  and  annulus  calcification  are  also  seen.  Chronic  pain 
develops  in  20—40  percent.  The  reasons  include  altered  spinal 
mechanics,  neural  damage  and  vascular  changes  51 

Management  must  always  start  with  an  accurate  diagnosis 
based  on  a  history  and  physical  examination.  Simple  investigations 
such  as  extension  x-rays  may  reveal  vacuum  clefts  in  the  same 
anatomical  position  as  rim  lesions.  Nuclear  scans  detect  increased 
uptake  at  damaged  end  plates  or  facet  fractures  52  The  facet  joints 
are  abundantly  innervated  with  A8-and  C-nerve  fibers  that  operate 
at  a  high  threshold  and  may  become  sensitized  or  excited  by  local 
pressure  changes,  capsular  stretching,  and  naturally  occurring 
proinflammatory  agents  [e.g.,  SP,  phospholipase  A,  and  IL- 
1  p],38’53~56  studies  have  documented  the  presence  of  cervical  disc 
injury  in  20—25  percent  of  subjects  following  whiplash  injury,  and 
these  findings  can  correlate  with  radicular  symptoms.57,58 

2.3.  Ligaments 

These  results  indicate  that  symptoms  and  complaints  among 
whiplash  associated  disorder  [WAD]  patients  can  be  linked  with 
structural  abnormalities  in  ligaments  and  membranes  in  the  upper 
cervical  spine,  in  particular  the  alar  ligaments.  Whiplash  patients 
who  had  been  sitting  with  their  head/neck  turned  to  one  side  at  the 
moment  of  collision  more  often  had  high-grade  lesions  of  the  alar 
and  transverse  ligaments.  Severe  injuries  to  the  transverse  liga¬ 
ment  and  the  posterior  atlanto-occipital  membrane  were  more 
common  in  front  than  in  rear-end  collisions.  Magnetic  resonance 
image  verified  lesions  between  WAD  patients  and  control  persons, 


and  in  particular  the  association  with  head  position  and  impact 
direction  at  time  of  accident,  indicate  that  these  lesions  are  caused 
by  the  whiplash  trauma. 

Whiplash  trauma  can  damage  soft  tissue  structures  of  the  upper 
cervical  spine,  particularly  the  alar  ligaments.59-61  Whiplash 
trauma  can  damage  the  tectorial  and  posterior  atlanto-occipital 
membranes;  this  can  be  shown  on  high-resolution  MRI.  Whiplash 
trauma  can  damage  the  transverse  ligament.  By  use  of  high- 
resolution  proton-weighted  MR  images  such  lesions  can  be  detec¬ 
ted  and  classified.  The  reliability  of  this  classification  still  needs 
improvement.62,63  Kinematic  magnetic  resonance  imaging  may 
visualize  injuries  of  the  ligaments  and  the  joint  capsules,  and 
accompanying  pathological  movement  patterns.64,65 

The  tectorial  membrane  has  an  essential  role  in  maintaining 
upper  cervical  spine  stability.66  Injury  to  anterior  spinal  structures 
can  result  in  clinical  indications  including  cervical  instability  in 
extension,  axial  rotation,  and  lateral  bending  modes.67  The  present 
decreases  in  neck  ligament  strength  due  to  whiplash  provide 
support  for  the  ligament-injury  hypothesis  of  whiplash 
syndrome.68 

Anterior  longitudinal  ligament  (ALL)  injuries  following  whip¬ 
lash  have  been  documented  both  in  vivo  and  in  vitro69  and 
segmental  hypermobility  can  lead  to  long-term  instability.67 
Functional  (kinematic)  magnetic  resonance  imaging  can  show 
capsule  tears  and  instability  at  the  atlantoaxial  joint  and  scar  tissue 
around  the  odontoid  process.70 


2.4.  Muscle 

Particularly  the  decreased  ability  to  relax  the  trapezius 
muscles  seems  to  be  a  promising  feature  to  identify  patients 
with  whiplash  associated  disorder  Grade  II.  Assessment  of  the 
muscle  dysfunction  by  surface  electromyography  offers  a  refine¬ 
ment  of  the  whiplash  associated  disorder  classification  and 
provides  an  indication  to  a  suitable  therapeutic  approach.71 
Patients  with  whiplash  showed  a  distinct  pattern  of  trigger 
point  distribution  that  differed  significantly  from  other  patient 
groups  and  healthy  subjects.  The  semispinalis  capitis  muscle 
was  more  frequently  affected  by  trigger  points  [TrPs]  in  patients 
with  whiplash.72 

There  are  indications  of  substantial  infiltration  of  fatty  tissue 
into  suboccipital  muscles  of  some  subjects  being  treated  for  chronic 
head  and  neck  pain.73  Fatty  infiltrates  in  the  cervical  extensor 
musculature  and  widespread  hyperalgesia  were  not  features  of  the 
insidious-onset  neck  pain  group  in  this  study;  whereas,  these 
features  have  been  identified  in  patients  with  chronic  WAD.  This 
novel  finding  may  enable  a  better  understanding  of  the  underlying 
pathophysiological  processes  in  patients  with  chronic  whip¬ 
lash.74,75  Measuring  differences  in  neck  extensor  muscle  cross 
section  area  (CSA)  with  MRI  in  an  asymptomatic  population 
provides  the  basis  for  future  study  investigating  relationships 
between  muscular  atrophy  and  symptoms  in  patients  suffering 
from  persistent  neck  pain.76  Muscle  atrophy  could  possibly  account 
for  a  reduction  of  proprioceptive  output  from  these  muscles,  and 
thus  contribute  to  the  perpetuation  of  pain.77  Females  with  bilat¬ 
eral  chronic  neck  pain  had  generalized  smaller  CSA  of  the  cervical 
multifidus  muscles  compared  to  healthy  females.78  It  seems  that 
muscle  atrophy  in  the  rectus  capitis  posterior  minor  [RCPmin],  but 
not  in  the  rectus  capitis  posterior  major  [RCPmaj],  was  associated 
with  suboccipital  active  TrPs  in  chronic  tension-type  headache, 
although  studies  with  larger  sample  sizes  are  now  required.  It  may 
be  that  nociceptive  inputs  in  active  TrPs  could  lead  to  muscle 
atrophy  of  the  involved  muscles.  Muscle  disuse  or  avoidance 
behavior  can  also  be  involved  in  atrophy.79 
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The  same  pattern  of  muscular  reaction  was  found  in  patients 
with  rheumatoid  arthritis  as  in  patients  with  soft  tissue  injuries  of 
the  neck  [e.g.,  "whiplash  injury"].  In  the  ventral  muscles  and  the 
obliquus  capitis  inferior,  the  occurrence  of  transformations  corre¬ 
lated  strongly  with  the  duration  of  symptoms;  in  the  ventral 
muscles  the  vast  majority  of  transformations  were  encountered  in 
patients  with  a  shorter  history  of  symptoms,  whereas  in  the  obli¬ 
quus  capitis  inferior  the  reverse  occurred.  In  the  other  dorsal 
muscles,  no  correlation  with  the  duration  of  symptoms  was  found. 
Muscles  in  which  transformations  had  ceased,  displayed  on 
average,  a  significantly  higher  percentage  of  fast  type-IIB  fibers 
than  were  found  in  muscles  with  ongoing  transformations.  This 
strongly  indicates  that  the  transformations  proceeded  in  the 
direction  from  "slow  oxidative"  to  "fast  glycolytic".80 

Myofascial  trigger  points  (MTrPs)  serve  to  perpetuate  lowered 
pain  thresholds  in  uninjured  tissues.81  Active  MTrPs  as  tonic 
peripheral  nociceptive  input  contribute  tremendously  to  the  initi¬ 
ation  and  maintenance  of  central  sensitization,  to  the  impairment 
of  descending  inhibition.82  MTrPs  are  one  of  the  important 
peripheral  pain  generators  and  initiators  for  central  sensitization.83 
Short  interval  intracortical  inhibition  (SICI)  and  intracortical  facil¬ 
itation  (ICF)  are  2  mechanisms  that  could  be  altered  by  muscle  pain 
resulting  in  depression  of  cortical  outputs.  There  is  evidence  for 
decreased  intracortical  facilitation  and  increased  short  interval 
intracortical  inhibition  in  response  to  muscle  pain.84  Surgical 
excision  of  multiple  painful  trigger  points  in  the  posterior  neck  has 
resulted  in  an  increase  in  total  active  range  of  motion,  reduced 
intake  of  pain  medication,  doubled  the  number  of  work  hours,  and 
generally  led  to  a  dramatic  improvement  in  quality  of  life.85 

2.5.  Brain 

Studies  suggest  different  pain  mechanisms  in  patients  with 
chronic  neck  pain  of  non-traumatic  origin  compared  to  those  with 
chronic  neck  pain  due  to  a  whiplash  trauma  86  An  involvement  of 
the  posterior  cingulate,  parahippocampal  and  medial  prefrontal 
gyri  in  WAD  and  speculate  that  alterations  in  the  resting  state  are 
linked  to  an  increased  self-relevant  evaluation  of  pain  and  stress.87 
Chronic  pain  is  a  common  complication  of  traumatic  brain 
injury88,89  and  is  a  significant  problem  in  mild  and  moderate/severe 
traumatic  brain  injury  patients.90,91  Chronic  back  pain  alters  the 
human  brain  chemistry  as  the  interrelationship  between  chemicals 
within  and  across  brain  regions  was  found  to  be  abnormal.92,93  A 
decline  in  gray  matter  volume  is  also  found  in  chronic  fatigue 
syndrome.94  Chronic  pain  alters  the  functional  connectivity  of 
cortical  regions  known  to  be  active  at  rest,  i.e„  the  components  of 
the  "default  mode  network."  These  findings  demonstrate  that 
chronic  pain  has  a  widespread  impact  on  overall  brain  function.16,17 
Prior  research  on  psychosocial  causes  of  chronic  pain  following 
whiplash  are  likely  confounded  because  of  a  failure  to  account  for 
a  possible  neuropathologic  basis  for  the  symptoms.95 

2.6.  Psychological 

Both  physical  and  psychological  factors  play  a  role  in  recovery  or 
non-recovery  from  whiplash  injury.96  Psychological  variables  and 
consequences  are  important  following  whiplash  in  a  similar 
manner  to  other  types  of  injury.97  Patients  with  whiplash- 
associated  headache  suffer  psychological  distress  secondary  to 
chronic  pain.98  Psychological  factors  are  important,  but  not  the  only 
determinants  of  central  hypersensitivity  in  whiplash  patients.99 
Psychological  distress  resolved  following  a  neurosurgical  treat¬ 
ment  which  completely  relieved  pain  without  psychological  co¬ 
therapy.  The  psychological  distress  exhibited  by  these  patients 
was  a  consequence  of  the  chronic  somatic  pain.100  The  value  of  the 


biopsychosocial  model  is  in  guiding  the  application  of  medical 
knowledge  to  the  needs  of  each  patient.101  Trauma  subjects  showed 
hyperperfusion  in  right  medial  prefrontal  cortex  (mPFC)/anterior 
cingulate  cortex  and  hypoperfusion  in  right  amygdala  compared 

with  control  subjects.  This  may  underlie  adaptive/recuperative 
102 

processes. 

2.7.  Temporomandibular  joint 

Results  show  that  neck  function  is  an  integral  part  of  natural  jaw 
behavior,  and  that  neck  injury  can  impair  jaw  function  and  there¬ 
fore  disturb  eating  behavior.103  These  findings  in  the  WAD  group  of 
a  “faulty",  but  yet  consistent,  jaw-neck  behavior  may  reflect  a  basic 
importance  of  linked  control  of  the  jaw  and  neck  sensory-motor 
systems.  Neck  injury  is  associated  with  deranged  control  of 
mandibular  and  head-neck  movements  during  jaw  opening-closing 
tasks,  and  therefore  might  compromise  natural  jaw  function.104 
Observations  suggest  an  association  between  neck  injury  and 
disturbed  jaw  function  and  therefore  impaired  eating  behavior.  A 
clinical  implication  is  that  examination  of  jaw  function  should  be 
recommended  as  part  of  the  assessment  and  rehabilitation  of 
whiplash  patients.105 

2.8.  Sensory  motor 

Patients  with  chronic  neck  pain  showed  altered  motor  control  in 
the  cervical  spine.106,107  Single  trauma  or  cumulative  microtrauma 
causes  subfailure  injuries  of  the  ligaments  and  embedded  mecha- 
noreceptors.  The  injured  mechanoreceptors  generate  corrupted 
transducer  signals,  which  lead  to  corrupted  muscle  response 
pattern  produced  by  the  neuromuscular  control  unit.  Muscle 
coordination  and  individual  muscle  force  characteristics,  i.e.  onset, 
magnitude,  and  shut-off,  are  disrupted.  This  results  in  abnormal 
stresses  and  strains  in  the  ligaments,  mechanoreceptors  and 
muscles,  and  excessive  loading  of  the  facet  joints.  Due  to  inherently 
poor  healing  of  spinal  ligaments,  accelerated  degeneration  of  disc 
and  facet  joints  may  occur.  The  abnormal  conditions  may  persist, 
and,  over  time,  may  lead  to  chronic  back  pain  via  inflammation  of 
neural  tissues.  The  hypothesis  explains  many  of  the  clinical  obser¬ 
vations  and  research  findings  about  the  back  pain  patients.  The 
hypothesis  may  help  in  a  better  understanding  of  chronic  low  back 
and  neck  pain  patients,  and  in  improved  clinical  management.108 
Ligaments,  therefore,  are  important  structures  with  significant 
impact  on  motor  control  and  a  strong  influence  on  the  quality  of 
movement,  safety/stability  of  the  joint  and  potential  disorders  that 
impact  the  safety  and  health  of  workers  and  athletes.109  These 
subjects  present  either  with  an  excess  or  deficit  in  spinal  stability, 
which  underlies  their  pain  disorder.110  Sensory-motor  incongru¬ 
ence  may  be  involved  in  continuing  pain.  Sensory  disturbances 
including  pain  can  be  induced  in  the  absence  of  nociceptive  injury. 

Symptoms  of  pain  were  described  as  numbness,  pins  and  nee¬ 
dles,  moderate  aching  and/or  a  definite  pain.111  Ligament  tension 
may  be  required  to  produce  pain  from  facet  joint  loading.  Increased 
allodynia  after  facet  joint  tension  suggest  astrocytes  as  a  possible 
spinal  glial  mediator  of  such  painful  injury,  and  provide  further 
support  for  facet  capsule  involvement  in  pain  from  mechanical 
neck  injury.112 

2.9.  Dora!  root  ganglion 

Dorsal  root  ganglion  [DRG]  neurons  can  become  hyperexcitable 
following  injury.  Spinal  ganglia  neurons  are  frequently  related  to 
the  neurological  symptoms  or  whiplash  injury.113  The  neurons  of 
the  C5  and  C6  dorsal  root  ganglia  may  have  a  more  significant  role 
in  pain  sensation  of  the  facets  than  other  dorsal  root  ganglion 
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neurons.114  Integrated  stress  response  activation,  indicated  by 
increased  expression  of  binding  protein,  occurs  in  neurons  of  the 
DRG  after  painful  facet  distraction.115  Results  indicated  potential 
ganglion  compression  in  patients  with  a  nonstenotic  foramen  at 
C5-6  and  C6-7  and  in  patients  with  a  stenotic  foramen  the  injury 
risk  greatly  increases  and  spreads  to  include  the  C3-4  through  C6-7, 
as  well  as  C4-5  through  C6-7  nerve  roots.116  A  head-turned  posture 
increases  facet  capsular  ligament  strain  compared  to  a  neutral  head 
posture-a  finding  consistent  with  the  greater  symptom  severity 
and  duration  observed  in  whiplash  patients  who  have  their  head 
turned  at  impact.117 

2.10.  Hypothalamic-pituitary-adrenal  axis 

The  occurrence  of  hypothalamic-pituitary  adrenal  abnormality 
in  persons  with  chronic  widespread  pain  is  not  fully  explained  by 
the  accompanying  psychological  stress.118  Dysregulation  of  the 
hypothalamic-pituitary  adrenal  axis  in  terms  of  reduced  reactivity 
and  enhanced  negative  feedback  suppression  exist  in  chronic 
whiplash.119  Changes  in  cortical  caspase  levels  may  represent  an 
index  of  cell  degenerative  processes  leading  to  cognitive  deficits  in 
chronic  pain  states.120 

2.1  J.  Local  nerve  injuries  —  Injured  axons  and  nerve  endings 

Traumatic  injury  or  inflammatory  irritation  of  the  peripheral 
nervous  system  often  leads  to  persistent  pathophysiological  pain 
states.  Pain  resulting  from  either  inflammation  or  direct  physical 
damage  to  peripheral  nerve  fibers  and  is  accompanied  by 
a  pathologically  increased  excitability  of  primary  sensory  neurons 
[e.g.,  DRG  neurons].  Following  a  nerve  lesion,  regenerative  nerve 
sprouts  grow  a  neuroma  at  the  proximal  nerve  stump.  Abnormal 
excitability  and  spontaneous  discharges  develop  in  a  few  days  at 
neuroma  sprouts.  These  tonic  discharges  stimulate  the  connect¬ 
ing  regenerative  C-fibers.  After  a  period  of  longitudinal  growth  of 
regenerating  nerve  fibers,  characteristics  of  the  erratic  impulse 
generator  will  develop.  These  abnormal  discharges  transmit 
impulse  back  to  the  central  nervous  system  and  presumably 
induce  dysesthesia  (abnormal  perception  of  a  sensory  stimulus), 
such  as  tingling,  itching  or  electrifying  sensation,  in  patients  with 
neuropathic  problems.  Abnormal  sympathetic  sprouting  has  been 
observed  in  a  variety  of  animal  models  of  pathological  pain  with 
or  without  damage  to  the  peripheral  axons.  Sprouted  fibers  are 
found  preferentially  surrounding  large  and  medium-sized 
sensory  neurons  with  spontaneous  activity.121  The  repetitive 
firing  of  injured  neurons  was  facilitated  at  low  threshold,  which 
has  been  considered  as  a  mechanism  of  ectopic  impulse  genera¬ 
tion.  At  sites  proximal  to  the  nerve  transection,  upregulation  and 
increased  density  of  membrane  sodium  channels  have  been 
detected  in  injured  DRG  axons.122  Six  subtypes  of  sodium  chan¬ 
nels  have  been  identified  in  DRG  neurons.  Some  kinds  of  these 
sodium  channels  are  sensory  neuron  specific  and  have  not  been 
found  in  other  parts  of  the  nervous  system.123  In  these  sensory 
neuron  specific  sodium  channels,  subtypes  SNS/PN3  and  SNS/NaN 
accrued  at  sites  of  nerve  injury  in  neuropathic  humans  and 
animals.124  It  is  known  that  entry  of  calcium  ions  into  the  nerve 
endings  through  calcium  channels  regulates  growth-related 
proteins.  Recently  N  and  L-type  calcium  channels  have  been 
found  to  contribute  to  calcitonin  gene  related  peptide  [CGRP] 
release  from  injured  nerve  endings  in  vitro.125  Blockade  of  N-,  T 
and  P  type  calcium  channels  has  been  found  to  block  experi¬ 
mental  neuropathic  pain.126127 

Inflammation  leads  to  sensitization  of  “silent”  or  “sleeping" 
nociceptors.  A  large  group  of  mainly  C-fibers  are  so-called  silent 
nociceptors  because  they  do  not  respond  even  to  noxious 


mechanical  stimuli  of  the  normal  joint.  They  begin  to  respond  to 
mechanical  stimulation  during  inflammation  of  the  joint.128,129 
These  fibers  “awaken”  and  become  much  more  sensitive  to 
peripheral  stimulation.130,131  Studies  have  shown  that  sensory 
hypersensitivity,  often  in  association  with  other  prognostic  indi¬ 
cators  such  as  pain  intensity  and  some  psychosocial  factors,  is 
predictive  of  poor  recovery.132,133  Posttraumatic  stress  disorder 
hyperarousal  symptoms  have  a  detrimental  influence  on  the 
recovery  and  severity  of  whiplash  complaints  following  car 
accidents.134 

2.12.  Phenotype  sensitization  and  maintained  pain 

Substance  P  and  CGRP  are  normally  expressed  by  nociceptor 
primary  afferent  C-  and  A  fibers,  and  are  implicated  in  sensory 
transmission  and  central  sensitization.  Expression  of  these  peptides 
is  usually  down-regulated  after  nerve  injury.  Large  myelinated  Ap- 
fibers,  normally  not  associated  with  nociception,  begin  to  express 
SP  and  CGRP  after  peripheral  nerve  injury.  Therefore,  low-threshold 
stimuli  activating  AP-fibers  may  lead  to  SP  release  in  the  dorsal 
horn  and  generate  hyperexcitability  that  is  normally  driven  by 
nociceptive  inputs.  A-fiber  sprouting  in  the  spinal  cord  is  one  of  the 
central  mechanisms  that  may  also  account  for  the  development  of 
allodynia.  Peripheral  nerve  injury  [more  specifically,  injury  to 
peripheral  axons  of  C-fibers]  induces  sprouting  of  AP-fiber 
[myelinated,  low- threshold]  terminals  from  deeper  laminae  [III  and 
IV]  to  lamina  II.135  This  rewiring  may  lead  to  the  misperception  of 
non-noxious  as  noxious  inputs.  The  low-threshold  stimuli  acti¬ 
vating  AP-fibers  may  now  cause  central  hyperexcitability.  As 
a  consequence,  innocuous  stimulation  [which  does  not  activate  C- 
fibers  or  induce  early-immediate  response  genes]  causes  c-fos 
expression  within  laminae  I  and  II  in  the  lower  pain  threshold 
state.136  The  functional  phenotypic  switch  of  rostral  ventromedial 
medulla  neurons  provides  a  novel  mechanism  underlying  activity- 
dependent  plasticity  and  enhanced  net  descending  inhibition  after 
inflammation.137  The  neuroma  has  both  afferent  C-fibers  and 
efferent  post-ganglionic  sympathetic  C-fibers  which  release 
noradrenaline  and  adrenaline. 

In  situations  of  increased  sympathetic  activity,  a  raised  sensi¬ 
tivity  of  the  regenerating  sprout  towards  the  detection  of  noci¬ 
ceptive  substances,  such  as  bradykinin,  serotonin,  histamine,  and 
capsaicin,  is  induced.138  This  finding  shows  that  nociceptive 
receptors  up-regulate  at  regenerating  nerve  terminals  close  to 
adrenoceptors.  This  response  to  sympathetic  neurotransmitters 
may  contribute  to  causalgia.  The  influence  of  sympathetic  nervous 
injury  goes  far  beyond  the  peripheral  responsiveness  of 
sympathetic— afferent  interactions.  The  excitatory  effects  on 
nociceptive  receptors  of  the  sympathetic  nervous  system  are  also 
caused  by  hypophysical-adrenocortical  system,  neuroimmune 
interactions,  neuropeptides,  chronic  inflammation,  psychoso- 
matically  mediated  mental,  and  emotional  reactions.139 
Nociceptive-specific  cells  are  mostly  found  superficially  and 
synapse  with  AS-and  C-fibers  only.  These  cells  fire  action  poten¬ 
tials  when  a  painful  stimulus  is  detected  at  the  periphery.  Cells 
which  receive  input  exclusively  from  AfS-fibers  are  proprioceptive 
and  only  respond  to  touch.  A  third  type  of  neuron,  termed  wide 
dynamic  range  [WDRs],  receives  input  from  all  three  types  of 
sensory  fibers,  and  therefore  respond  to  the  full  range  of  stimu¬ 
lation,  from  light  touch  to  noxious  pinch,  heat,  and  chemicals. 
These  neurons  fire  action  potentials  in  a  graded  fashion  depend¬ 
ing  on  stimulus  intensity,  and  also  exhibit  “wind-up”,  a  short- 
lasting  form  of  synaptic  plasticity.  During  wind-up,  repetitive 
stimulation  of  WDR  neurons  induces  an  increase  of  their  evoked 
response  and  postdischarge  with  each  stimulus.140  Most  noci¬ 
ceptive  A5-and  C-fibers  terminate  superficially  in  laminae  I— II, 
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with  a  smaller  number  reaching  deeper  laminae,  whereas  A(3- 
fibers  predominantly  innervate  laminae  III— VI.141  Fig.  1 

2.13.  Cytokines/ chemokines  in  neuropathic  pain 

The  central  and  peripheral  changes  of  underlying  cytokines  may 
play  important  roles  in  the  mechanism  of  neuropathic  pain.  Cyto¬ 
kines  are  a  category  of  signaling  proteins  and  glycoproteins  that,  like 
hormones  and  neurotransmitters,  are  used  extensively  in  cellular 
communication.  Cytokines  have  been  variously  named  as  lyrnpho- 
kines,  interleukins,  and  chemokines.  The  first  chemokine  to  be 
implicated  in  pain  was  CXCL8  [also  named  IL-8],  which  is  released  by 
activated  macrophages  and  endothelial  cells.  Growing  evidence 
indicates  that  proinflammatory  cytokines,  such  as  IL-lbeta,  IL-6,  and 
TNF-alpha,  are  induced  in  the  spinal  cord  under  various  injury 
conditions  and  contribute  to  pain  hypersensitivity.143  Recently 
researchers  have  focused  on  the  roles  of  IL-1  and  TNF-a.144,145 


Fig.  1.  Pain  pathways  from  periphery  to  brain.  Primary  afferent  fibers  (Ab-,  Ad-,  and 
C-fibers)  transmit  impulses  from  the  periphery,  through  the  dorsal  root  ganglion  (DRG) 
and  into  the  dorsal  horn  of  the  spinal  cord.  Nociceptive  specific  (NS)  cells  are  mainly 
found  in  the  superficial  dorsal  horn  (laminae  I — II),  whereas  most  wide  dynamic  ranges 
(WDRs)  are  located  deeper  (lamina  V).  Projection  neurons  from  lamina  I  innervate 
areas  such  as  the  parabrachial  area  (PB)  and  periaqueductal  grey  (PAG)  and  such 
pathways  are  affected  by  limbic  areas.  From  here  descending  pathways  (yellow  arrows) 
from  brainstem  nuclei  such  as  the  rostral  ventromedial  medulla  (RVM)  are  activated 
and  modulate  spinal  processing.  Lamina  V  neurons  mainly  project  to  the  thalamus 
(spinothalamic  tract),  and  from  here  the  various  cortical  regions  forming  the  “pain 
matrix”  (primary  and  secondary  somatosensory,  insular,  anterior  cingulate,  and 
prefrontal  cortices)  are  activated.142 


Inflammatory  hyperalgesia  has  been  prevented  by  experimental 
administration  of  endogenous  IL-1  receptor  antagonist.146 
Neutralizing  antibodies  to  IL-1  receptors  reduced  pain-associated 
behavior  in  mice  with  experimental  neuropathy.147  Combined 
epineurial  therapy  with  neutralizing  antibodies  to  TNF-and  IL-1 
receptors  had  additive  effects  in  reducing  neuropathic  pain. 

Nerve  biopsies  from  patients  with  neuropathies  revealed  higher 
TNF-immunoreactivities  in  myelinating  Schwann  cells  when  the 
neuropathy  was  painful,  and  serum  soluble  TNF-a-receptor  1  levels 
were  higher  in  patients  with  central-mediated  allodynia.148 
Involvement  of  TNF-alpha  has  been  demonstrated  with  the 
upstream  cascade  of  cellular  events  that  may  involve  the  underlying 
pathogenesis  of  neuropathic  pain.149  Nerve  growth  factor  causes 
acute  sensitization  of  sensory  neurons  through  a  number  of  signaling 
cascades  and  that  it  also  can  increase  expression  and  trafficking  of 
molecules  that  mediate  excitability  of  sensory  neurons.150 

2.14.  Central  sensitization  and  plasticity 

Healthy  nerve  terminals  uptake  signal  substances,  including 
NGF  and  other  growth  factors  from  their  target  cells,  are  trans¬ 
mitted  by  axonal  transport  to  the  DRG.151  After  nerve  injury,  sprouts 
can  no  longer  take  up  these  growth  factors  to  the  DRG  neurons.152 
The  gene  transcription  and  protein  synthesis  are  altered.  At  the 
level  of  transcription  control  in  the  DRG  neurons,  the  c-jun  gene  [an 
oncoprotein-involved  in  the  regulation  or  synthesis  of  proteins]  can 
be  inducted  one  day  after  axotomy.153  The  c-Jun  expression  in  the 
DRG  neurons  after  nerve  transection  are  associated  with  changes  in 
neuropeptide  levels:  SP  and  CGRP  decrease,  and  galanin  and  nitric 
oxide  synthase  increase  dramatically  during  the  weeks  and  months 
following  axotomy.154  The  increased  release  and  production  of 
nitric  oxide  synthase  at  the  intraspinal  presynaptic  terminal  may 
facilitate  afferent  synaptic  transmission  to  the  dorsal  horn  neurons. 
Therefore,  the  pathophysiological  processes  following  nerve  injury 
are  carried  from  the  peripheral  to  the  central  nervous  system.155 
This  phenomenon  may  contribute  to  spinal  neuronal  sensitization 
and  hyperalgesia. 

Repetitive  noxious  stimulation  leads  to  the  increased  activities 
of  aspartate  and  glutamate  at  N-methyl-D-aspartate  and  alpha- 
amino-3-hydroxy-5-methylisoxazole-4-propionicacid  [AMPA]/ 
kainite  receptors,  which  produce  an  influx  of  extracellular  Ca2+ 
and  activation  of  protein  kinase  C  [PKC]  in  dorsal  horn  neurons.156 
The  increased  intracellular  Ca2+  induces  the  expression  of  c-fos  [a 
cellular  proto-oncogene  belonging  to  the  immediate  early  gene 
family  of  transcription  factors].157 

Noxious  stimulation  can  induce  c-fos  expression  in  dorsal  horn 
neurons  [mainly  in  laminae  I  and  II],  which  may  relate  to  pro¬ 
longed  functional  and  adaptive  responses  in  the  spinal  cord.  Fos 
protein  is  believed  to  be  involved  in  the  transcriptional  control  of 
genes  that  encode  a  variety  of  neuropeptides,  including  enkeph¬ 
alin  and  dynorphin.  Enkephalin  typically  produces  antinociceptive 
effects. 

Dynorphin  [dynorphin  is  an  opioid  peptide  with  high  selectivity 
for  the  kappa-opioid  receptor  subtype]  has  direct  excitatory  effects 
on  spinal  projection  neurons  and  may  also  produce  inhibition  via 
a  negative  feedback  mechanism  on  dynorphin  containing 
neurons.158  Elevated  levels  of  the  opioid  dynorphin  can  unexpect¬ 
edly  activate  bradykinin  receptors,  contributing  to  the  maintenance 
of  neuropathic  pain.159  The  end-effect  of  these  changes  may  have 
complex  modulations  in  the  development  of  central  plasticity.160 
Electrophysiologically,  there  is  plenty  evidence  for  sensitization  of 
dorsal  horn  cells  and  enhancement  of  spinal  reflexes  by  a  repetitive 
or  prolonged  noxious  stimulation.  This  enhanced  synaptic  trans¬ 
mission  is  manifested  by  long-term  potentiation  [LTP]  following 
a  short  train  of  stimulation  at  C-fiber.160  The  transition  of  LTP 
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between  spinal  interneurons  involves  glutamate  and  neurokinin  1 
receptors.  Blocking  the  LTP  spreading  with  the  N-methyl-D-aspar- 
tate  and/or  neurokinin  1  receptor  antagonists  may  be  a  potential 
treatment  of  neuropathic  pain.161 

Gamma-aminobutyric  acid  [GABA]  is  an  amino  acid  and  inhib¬ 
itory  neurotransmitter  in  the  central  nervous  system.  Partial  nerve 
injury  also  induces  GABAergic  inhibitory  interneuron  apoptosis  [a 
form  of  programmed  cell  death]  and  reduces  inhibition  in  the 
superficial  dorsal  horn.  This  transynaptic  neural  degeneration  also 
contributes  to  abnormal  pain  sensitivity.162 

At  the  peripheral  level,  a  nerve  lesion  may  induce  loss  of  normal 
electrical  insulation  in  the  afferent  fibers,  which  makes  these 
neurons  more  accessible  to  diffusible  substances  and  may  trigger 
the  production  of  alpha  adrenoceptors  on  the  membrane  of 
primary  afferent  neurons.  In  this  condition,  noradrenaline  released 
by  sympathetic  terminals  as  well  as  circulating  catecholamines 
released  by  the  adrenal  glands  can  evoke  pain  by  producing  exci¬ 
tation  of  a  number  nociceptors  and/or  enhancing  their  respon¬ 
siveness  to  nociceptive  stimuli.  The  injured  fibers  may  develop 
abnormal  electrogenic  membrane  properties  that  accompany  the 
loss  of  normal  electric  insulation.  This  may  lead  to  nonsynaptic 
communication  between  different  classes  of  neurons  [“ephaptic 
transmission",  i.e.,  a  type  of  electric  coupling  between  contiguous 
neurons  entailing  a  direct  transfer  of  current].163 

Regeneration  after  nerve  injury  results  in  the  formation  of 
neuromas164,165  and  sprouting  of  new  nerve  projections  among 
uninjured  neighboring  neurons.166  Collateral  sprouting  then  leads 
to  altered  sensory  properties  that  may  be  realized  as  expanded 
receptive  fields.  Uncontrolled  neuronal  firing  after  experimental 
nerve  injury  is  largely  attributed  to  increased  expression  of  sodium 
channels.  This  mechanism  is  supported  by  several  lines  of  evidence, 
including  blockade  of  neuropathic  pain  with  sodium- 
channel— blocking  local  anesthetics.167  Demyelination  of  diseased 
nerves  may  be  another  cause  of  increased  neuronal  excitability.168 

Subfailure  loading  conditions  are  associated  with  altered  joint 
mechanics  and  collagen  fiber  disorganization  and  imply  ligament 
damage.  Substructural  damage  in  the  facet  capsule  has  the  poten¬ 
tial  to  both  directly  modulate  nerve  fiber  signaling  and  produce 
sustained  physiologic  modifications  that  may  initiate  persistent 
pain.169  Inflammatory  agents  released  from  [or  recruited  by] 
nucleus  pulposus  affect  the  DRG  [and/or  are  transported  to  cord]  to 
enhance  primary  afferent  excitation  of  nociceptive  dorsal  horn 
neurons.  The  normally  non-noxious  stimulus  is  inducing  dorsal 
horn  neuronal  wind-up  that  is  interpreted  as  pain  and  further 
enhances  the  dorsal  spinal  neuronal  excitability  to  subsequent 
sensory  input.170,171 

2.35.  Deep  tissue  pain 

A  whiplash  type  injury  occurs  in  deep  tissue  that  may  involve 
the  facets,  disc,  ligaments,  or  muscles.19  Deep  tissue  pain  is 
different  from  superficial  pain;  the  former  lasts  longer  than  the 
latter172,173  and  does  not  follow  dermatomal  patterns.174,175  The 
distributions  and  interconnections  of  hypothalamic  and  midbrain 
neurons  activated  by  superficial  and  deep  nociceptors,  and  by  C- 
compared  with  A5-nociceptors,  have  revealed  neuronal  circuitry 
that  can  distinguish  between  escapable  [superficial]  and  inescap¬ 
able  [deep]  pain.176 

2.36.  Referred  pain 

The  classical  studies  by  Lewis  and  Kellgren177  showed  that  local 
injections  of  hypertonic  saline  into  interspinous  ligaments 
produced  hyperalgesia  and  referred  pain  elsewhere  and  does  not 
follow  dermatomal  patterns  and  later  by  Feinstein  et  al.178  with 


paravertebral  injections.  Whiplash  pain  may  be  referred  from  the 
zygapophysial  [facet]  joints  and  discs.  Cervical  zygapophysial  joint 
pain  is  common  among  patients  with  chronic  neck  pain  after 
whiplash.175,179-181  The  prevalence  of  chronic  cervical  zyg¬ 
apophysial  joint  pain  [C2-C3  or  below]  was  60  percent  [95  percent 
confidence  interval,  46  percent,  73  percent].182  Cervical  internal 
disc  disruption  can  elicit  axial  and  peripheral  symptoms183  and 
lumbar  disc  stimulation  may  produce  pain  that  extends  to  below 
the  knee.184 

Early  mechano-sensitization  after  an  acute  whiplash  injury  can 
lead  to  the  development  of  further  sensitization  in  patients  with 
long-term  disability.185  The  semispinalis  capitis  muscle  was  more 
frequently  affected  by  trigger  points  in  patients  with  whiplash, 
whereas  other  neck  and  shoulder  muscles  and  the  masseter  muscle 
did  not  differentiate  between  patients  with  whiplash  and  patients 
with  non-traumatic  chronic  cervical  syndrome  or  fibromyalgia.186 
Active  trigger  points  are  more  likely  to  occur  in  certain  muscles 
in  the  presence  of  cervical  disc  lesions  at  specific  levels.72 


2.37.  Widespread  pain 

Different  mechanisms  underlie  hyperalgesia  localized  at  areas 
surrounding  the  site  of  pain  and  hyperalgesia  generalized  to  distant 
body  areas.  Central  hypersensitivity  as  a  determinant  of  neck  pain  is 
probably  a  dynamic  condition  that  is  influenced  by  the  presence 
and  activity  of  a  nociceptive  focus.187  Fibromyalgia  syndrome  (FMS) 
is  characterized  by  widespread  pain,  fatigue,  sleep  abnormalities, 
and  distress.  Wind-up  and  central  sensitization,  which  rely  on 
central  pain  mechanisms,  occur  after  prolonged  C-nociceptor  input 
and  depend  on  activation  of  nociceptor  specific  neurons  and  wide 
dynamic  range  neurons  in  the  dorsal  horn  of  the  spinal  cord. 
Thalamic  activity,  which  contributes  significantly  to  pain  process¬ 
ing,  was  decreased  in  fibromyalgia.188  One  study  indicated  that  FMS 
was  13  times  more  frequent  following  neck  injury  than  following 
lower  extremity  injury.  All  patients  continued  to  be  employed,  and 
insurance  claims  were  not  increased  in  patients  with  FMS.189  In 
patients  with  chronic  pain  after  whiplash  injury  and  in  fibro¬ 
myalgia  patients  there  can  be  spinal  cord  hyperexcitability.  This  can 
cause  exaggerated  pain  following  low  intensity  nociceptive  or 
innocuous  peripheral  stimulation  Patients  with  chronic  pain  after 
whiplash  injury  and  fibromyalgia  patients  display  exaggerated  pain 
after  sensory  stimulation.190 


2.18.  Genetics 

Genetics  are  involved  in  synaptic  transmission,  conduction, 
transduction,  and  modulation.191  As  the  greater  the  quantity  of 
opioid  receptors  one  has,  the  more  likely  it  is  that  the  result  will  be 
less  perception  of  pain.  Some  patients  may  be  genetically  predis¬ 
posed  to  decreased  amounts  of  opioid  receptors.192  Catecholamine- 
O-methyl transferase  (COMT)  an  enzyme  that  metabolizes  neuro¬ 
transmitters  such  as  epinephrine,  norepinephrine  and  dopamine 
and  that  has  been  implicated  in  the  modulation  of  persistent  pain, 
as  well  as  cognition  and  mood  activity.  COMT  activity  substantially 
influences  pain  sensitivity,  and  the  three  major  haplotypes  deter¬ 
mine  COMT  activity  in  humans  that  inversely  correlates  with  pain 
sensitivity.193  The  presence  or  absence  of  a  COMT  pain  vulnerable 
genotype  was  more  predictive  of  moderate  or  severe  acute  neck 
pain  than  the  crash  related  characteristics  assessed,  including  rear- 
end  collision  type,  airbag  deployment,  and  whether  or  not  the  car 
was  drivable  at  the  scene.194  TWIK-related  spinal  cord  potassium 
channel  (TRESK,  encoded  by  KCNK18)  has  a  role  in  migraine 
headache  sufferers.195 
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3.  Conclusion 

There  are  some  that  doubt  the  validity  of  the  chronic  whiplash 
syndrome.196  Two  studies  conducted  in  Lithuania197,198  are  often 
used  to  argue  that  cultural  expectations,  and  factors  related  to 
compensation  and  litigation,  affect  the  reporting  and  treatment  of 
whiplash  symptoms.  The  Lithuanian  studies  recruited  subjects 
from  the  police  station  in  a  former  Soviet-controlled  country  and 
looked  for  people  who  would  complain  1—3  years  after  a  collision. 
Eighty-five  percent  of  the  participants  in  these  studies  were  men. 
Most  studies  indicate  there  are  a  greater  number  of  women  with 
chronic  complaints.  The  first  Lithuanian  study  by  Schrader  et  al197 
comprised  202  individuals  who  had  been  involved  in  motor 
vehicle  crashes.  The  total  study  cohort  needed  to  be  at  least  3000 
in  order  to  have  sufficient  statistical  power  to  discern  a  significant 
difference  between  the  two  groups.199  In  the  second  Lithuanian 
study,198  the  control  group  was  worse  off  than  the  whiplash 
group. 

Limitations  are  that  pain  is  complex  and  experiments  on 
mechanisms  of  pain  are  other  than  human  studies.  Animal  studies 
may  not  be  conclusive  for  answers  involving  humans  but  can  give 
some  insights  into  mechanisms.200  Neck  and  back  injury  is  inde¬ 
pendent  of  crash  severity  and  may  occur  at  low  speeds.2-6  Noci¬ 
ceptive  pain  is  physiological  pain  produced  by  noxious  stimuli  that 
activate  high-threshold  nociceptor  neurons  and  is  a  stimulus- 
dependent  pain.201  Inflammatory  pain  occurs  in  response  to 
tissue  injury  and  the  subsequent  inflammatory  response.  To  aid 
healing  and  repair  of  the  injured  body  part,  the  sensory  nervous 
system  undergoes  a  profound  change  in  its  responsiveness  as 
normally  innocuous  stimuli  now  produce  pain  and  responses  to 
noxious  stimuli  are  both  exaggerated  and  prolonged  202 

Dysfunctional  pain  is  an  amplification  of  nociceptive  signaling  in 
the  absence  of  either  inflammation  or  neural  lesions.  There  may  be 
no  known  structural  nervous  system  lesion  or  active  peripheral 
inflammation.  It  may  be  present  with  lack  of  stimulus.203  Neuro¬ 
pathic  pain  is  maladaptive  plasticity  caused  by  a  lesion  or  disease 
affecting  the  somatosensory  system,  alters  nociceptive  signal  pro¬ 
cessing  so  that  pain  is  felt  in  the  absence  of  a  stimulus,  and 
responses  to  innocuous  and  noxious  stimuli  are  enhanced.  There 
may  be  a  marked  neuroimmune  response  204,205  Damage  to  the 
peripheral  nervous  system  often  leads  to  chronic  neuropathic  pain 
characterized  by  spontaneous  pain  and  an  exaggerated  response  to 
painful  and/or  innocuous  stimuli.  This  pain  condition  is  extremely 
debilitating  and  usually  difficult  to  treat.204  Sensory  hypoesthesia 
and  hypersensitivity  co-exist  in  the  chronic  whiplash  condition. 
Peripheral  afferent  nerve  fiber  involvement  could  be  a  further 
manifestation  of  disordered  central  pain  processing.206  With 
mechanical  allodynia,  a  pain  threshold/detection  threshold  of  less 
than  2.0  suggests  that  altered  central  nervous  system  processing  of 
A(3  input  contributing  to  allodynia.206,207 

Chronic  cervical  radiculopathy  (grade  III  WAD)  and  grade  II  WAD 
are  both  characterized  by  widespread  sensory  hypersensitivity  that 
likely  reflects  altered  central  pain  processing  mechanisms.208 
Sensory  hypoesthesia  while  present  in  chronic  whiplash  is  not 
a  feature  of  chronic  idiopathic  neck  pain.  These  findings  indicate 
that  different  pain  processing  mechanisms  underlie  these  two  neck 
pain  conditions  and  may  have  implications  for  their  manage¬ 
ment  209  Sensory  hypoesthetic  disturbances  persisted  in  those  who 
reported  higher  levels  of  pain  and  disability  and  sensory  hyper¬ 
sensitivity  soon  after  the  injury.  These  findings  indicate  the 
involvement  of  the  central  inhibitory  mechanisms  after  whiplash 
injury  and  the  potential  role  of  continuous  nociceptive  input  in 
sustaining  such  phenomena.210 

Peripheral  nerve  injury  is  followed  by  change  in  expression  of 
neurotransmitters,  neuromodulators,  growth  factors  and 


neuroactive  molecules  in  primary  afferent  neurons  located  in 
dorsal  root  ganglion  of  the  spinal  cord.  These  changes  in-turn 
induce  sensitization  of  primary  afferents  inputs  (peripheral  sensi¬ 
tization)  leading  to  exaggerated  pain  perception  in  an  injured  tissue 
or  territory  innervated  by  an  injured  nerve.211  Central  sensitization 
encompasses  increased  activity  of  pain  facilitatory  pathways, 
temporal  summation  of  second  pain  or  wind-up,212,213  malfunc¬ 
tioning  of  descending  antinociceptive  mechanisms,214  altered 
sensory  processing  in  the  brain,  and  long-term  potentiation  of 
neuronal  synapses  in  several  brain  areas,  including  the  anterior 
cingulate  cortex  215 

Muscle  fatty  infiltrates  in  the  cervical  extensors  occur  soon 
following  whiplash  injury  and  suggest  the  possibility  for  the 
occurrence  of  a  more  severe  injury  with  subsequent  posttraumatic 
stress  disorder  in  patients  with  persistent  symptoms.216 

Assessment  of  whiplash  injured  patients  may  need  proper 
imaging  and  to  include  more  detailed  sensory  testing  using  quan¬ 
titative  sensory  testing.15,217  Whiplash  is  a  heterogeneous  condition 
with  some  individuals  showing  features  suggestive  of  neuropathic 
pain.  Those  with  injury  to  the  discs,  facets,  or  upper  cervical  liga¬ 
ments  will  not  improve  spontaneously  will  have  chronic  symp¬ 
toms.218  Those  with  other  than  a  nociceptive  type  of  pain  may  be 
more  difficult  to  treat.  A  predominantly  neuropathic  pain  compo¬ 
nent  is  related  to  a  complex  presentation  of  sensory  hypersensi¬ 
tivity  and  higher  pain/disability.26 
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